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by localized states at nanodomain boundaries in
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Graphene supports long spin lifetimes and long diffusion lengths at room temperature,
making it highly promising for spintronics. However, making graphene magnetic remains
a principal challenge despite the many proposed solutions. Among these, graphene with
zig-zag edges and ripples are the most promising candidates, as zig-zag edges are predicted
to host spin-polarized electronic states, and spin–orbit coupling can be induced by ripples.
Here we investigate the magnetoresistance of graphene grown on technologically relevant
SiC/Si(001) wafers, where inherent nanodomain boundaries sandwich zig-zag structures
between adjacent ripples of large curvature. Localized states at the nanodomain boundaries
result in an unprecedented positive in-plane magnetoresistance with a strong temperature
dependence. Our work may offer a tantalizing way to add the spin degree of freedom to
graphene.
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S
pin-transport electronics, or spintronics, is a subject of
active international interest and investigation. Utilizing
electrons’ spin degree of freedom would give rise to new
and more efﬁcient forms of logic and storage devices1, as
spin-polarized currents are capable of carrying more information
than charge alone. Graphene is known for its extraordinary
electronic properties, such as high electron mobility and tunable
charge carrier concentration2,3. In addition, it also has the
capacity for room-temperature spin transport, with propagation
diffusion lengths of several micrometres, making it a highly
promising material for spintronics4–10. Indeed, several graphene-
based spin-logic devices have been proposed11,12. However,
pristine graphene is diamagnetic and carbon does not possess
d or f electrons. This means that inducing magnetic moments
in graphene is non-trivial, and there have been many studies
suggesting how this could be achieved, such as the introduction
of vacancy defects13–16, doping with molecules or elements
with high spin–orbital coupling17–20, and coupling with
substrates or ﬁlms21,22. Among the proposed methods,
graphene with zig-zag edges or ripples are the most promising
and intriguing ways to add the spin degree of freedom to
graphene, as predictions suggest the zig-zag edges of graphene
can play host to spin-polarized electronic states23–28, and
spin–orbit coupling (SOC) can be induced and tuned by the
curvature of the ripples due to hybridization of the pz orbitals
with px and py orbitals from the s-band29. However, there has
been no experimental support for these claims so far. On the
other hand, it is well known that large-area graphene, fabricated
by chemical vapour deposition30,31 or by vacuum synthesis on
silicon carbide surfaces32,33, is frequently polycrystalline. Recent
scanning tunnelling microscopy (STM)31–33 and transmission
electron microscopy34,35 studies have shown that this graphene
contains nanodomain boundaries (NBs), which can drastically
modify the graphene’s electronic transport properties36–38. It is
believed that graphene with NBs will exhibit unique edge states
with an unusual structure23–28,39. Speciﬁcally, the STM showed
that graphene synthesized on SiC/Si(001) wafers contains
NBs with a zig-zag structure on one side and an armchair
structure on the other, which can induce a charge transport gap
of at least 1.3 eV (refs 36–38). Thus, graphene synthesized on
cubic-SiC is an ideal platform to investigate effects related to spin.
In this paper, we investigate the magnetoresistance (MR) of
graphene synthesized on cubic-SiC(001). STM characterization
indicates that a zig-zag structure forms on one side of our
NBs and, moreover, ripples with large curvature are formed on
both sides adjacent to the NBs. An unprecedented positive
in-plane MR with a strong temperature dependence was
observed. This positive MR decreases as the temperature is
reduced from 300 to 100K, reaching zero at 100K, and increases
again in the temperature range from 100 to 10K. From
non-equilibrium Green’s function calculations, we show that
the MR arises from the contributions of the NBs, which can
explain the one-dimensional (1D) transport behaviour we
observe at low temperatures. Above 100K, the Zeeman effect
leads to the inequivalent conﬁnement of electrons with different
spins from the two-dimensional (2D) sheet to the 1D NBs,
which produces the positive MR observed at higher temperatures.
This behaviour shows that it is possible to engineer new
tunable electronic and magnetic nanostructures purely from
graphene.
Results
Graphene growth and characterization. Figure 1a shows
a typical atomically resolved STM image of the trilayer graphene
synthesized on SiC(001). The image shows that the graphene
overlayer consists of nanometre-scale domains, which have
bright boundaries oriented approximately along the one of
the two orthogonal o1104 directions. The nanodomains have
lateral dimensions ranging from a few to 40–50 nm. A Fast
Fourier Transform of the STM image (Fig. 1b) reveals two
preferential orientations of the graphene lattices in the nanodo-
mains, which are rotated by 27 relative to one another, that
is,±13.5 from the [110] direction. High-resolution STM images
of the NBs between the 27-rotated lattices (for example,
Supplementary Fig. 1c) show that, in most cases, the NBs are
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Figure 1 | STM characterization of the trilayer graphene grown on
SiC(001). (a) Atomically resolved STM image (30 15 nm2) of graphene
on a cubic-SiC(001) surface showing the nanodomain structure with
domains elongated in the [110] direction. Scale bar, 5 nm. (b) 2D-Fast
Fourier Transform of the image with two 27-rotated hexagons
(dotted green and blue lines) overlaid. (c) Schematic drawing of the
structure of NB to show zig-zag structure on one side and armchair
structure on the other side. (d) Atomic-resolution STM image
(21.86.9 nm2) of two nanodomains with the same lattice orientation
elongated along the [1–10] direction. Scale bar, 3 nm. (e) Cross-section
1–2 from the image shown in d. The sizes of the ripples formed between the
domains are indicated for clarity. The STM images were taken at U¼ 22mV
and I¼ 70pA (a) and U¼  20mV, I¼ 100 pA (d).
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rotated by 3.5 relative to the one of the two orthogonalo1104
directions leading to an asymmetrical rotation of the graphene
lattices in the neighbouring domains. They are rotated by
17 clockwise and 10 counterclockwise relative to the NBs, and
there is a zig-zag structure on one side and an armchair structure
on the other side of the NBs (Fig. 1c)36. An atomic-resolution
image of two nanodomains with non-rotated graphene lattices is
shown in Fig. 1d. This image demonstrates the extreme distortion
of the overlayer near the dark regions appearing as NBs.
The graphene sheet in these areas is buckled ﬁrst upwards
and then downwards, forming semi-tubes, aligned along the
[1–10] direction, with typical apparent diameters of several
nanometres, as the cross-section in Fig. 1e illustrates. For
the image shown in Fig. 1d the widths of the [1–10]-directed
semi-tubes are in the range of 2.6–3.2 nm, although in
other surface regions their widths vary between 2 and 5 nm
(for example, Fig. 1a and Supplementary Fig. 1c). Thus, the
NBs are a combination of both ripples and graphene grain
boundaries. The grain boundaries in our study consist of
distorted heptagons and pentagons, and zig-zag and armchair
edges develop from them. Further details can be found
in Supplementary Note 1 and elsewhere36. A high-resolution
STM image taken in the middle of a nanodomain (inset of
Supplementary Fig. 1c) reveals a honeycomb pattern deformed by
atomic-scale rippling typical of quasi-freestanding graphene40.
Positive in-plane MR in hall-bar geometry. Figure 2b shows
the MR curve measured at 10 K with an in-plane magnetic ﬁeld,
for a graphene hall-bar device as shown in Fig. 2a. From Hall
measurements it was determined that the electron mobility in our
samples is B250 cm2V 1 s 1 at 10 K and 60 cm2V 1 s 1 at
300K, and the corresponding current densities are 2 1012 cm 2
at 10 K and 2 1013 cm 2 at room temperature. This value for
electron mobility is notably less than the B1,000 cm2V 1 s 1
observed for trilayer graphene prepared by mechanical exfolia-
tion41. It can be concluded that the presence of NBs decreases
the electron mobility of graphene prepared on SiC and suggests
that a signiﬁcant number of electrons are conﬁned to the NBs at
low temperature. Remarkably, a positive MR of 5% is observed.
As an archetypical two-dimensional (2D) material, all the
carriers are expected to move freely inside the pristine graphene
and the MR should be zero due to the weak interaction between
the electrical current and the in-plane magnetic ﬁeld42. We
plot the MR as a function of ﬁeld squared (B2) in Fig. 2c. It
was found that the MR curve for an in-plane ﬁeld shows
a linear B dependence at low ﬁeld and a quadratic B2 dependence
at high ﬁeld. To rule out the possibility that this effect might be
due to misalignment between the magnetic ﬁeld and graphene
plane, Supplementary Fig. 2 shows the angular-dependent
resistance of a device measured at 10 K under a magnetic
ﬁeld of 14 T. The maximum and minimum resistances appear
at 0 and 90, respectively. Supplementary Fig. 3 further shows
the MR measured at 10 K, for a selection of ﬁeld orientations,
from the magnetic ﬁeld in an out-of-plane (perpendicular to
graphene plane, y¼ 0) to an in-plane (aligned with the current,
y¼ 90) conﬁguration, where y is the angle between the direction
of the magnetic ﬁeld and the direction normal to the graphene
plane. The MR exhibits a strong dependence on y and the
MR ratio increases with decreasing y. For yo60, the MR ratio is
always negative because of a reduction in scattering at the NBs.
Therefore, misalignment between magnetic ﬁeld and graphene
plane can be ruled out as the source of the effect. A similar
phenomenon was observed at other temperatures (Supplementary
Fig. 4). Figure 2d shows the temperature dependence of
MR curves measured with an in-plane ﬁeld. Remarkably, the
MR decreases with falling temperature and reaches zero at
100K (Fig. 2e). Further decreasing the temperature causes
the MR ratio to increase once again. The positive MR observed
could be due to the presence of the ripples formed at the NBs,
which bend the graphene layer almost perpendicular to
the substrate and result in a conventional ordinary MR from
the out-of-plane cyclotron motion42. However, even with a strong
magnetic ﬁeld on the order of several Tesla, the cyclotron radius
is as large as tens of nanometres, signiﬁcantly larger than
the diameters of the ripples (2–5 nm). Therefore, the positive
MR being due to ordinary MR from out-of-plane cyclotron
motion can be ruled out. It can also be ruled out that any of
these features arise due to electrical contributions by the
silicon carbide substrate or the formation of alloys on the
silicon carbide substrate43. As the resistance of the bare SiC is at
least three orders of magnitude greater than the graphene, the
inﬂuence of the substrate can be ignored (Supplementary Fig. 5
and Supplementary Note 2). Moreover, our systematic studies of
the graphene/SiC(001) systems by various surface science
techniques have veriﬁed that no alloys were formed on the
SiC substrate and the formed structures consisting of
quasi-freestanding few-layer graphene overlayers weakly
interacting with the substrate44,45, were free of contaminants
(Supplementary Note 3). Another possibility is that spin
scattering at magnetic/nonmagnetic impurities could results in
a positive MR. Supplementary Fig. 6a shows the MR curves of
graphene measured at various temperatures with the magnetic
ﬁeld applied normal to the graphene plane. A negative MR is
observed, indicating a possible weak localization effect. We have
extracted the dephasing rates at various temperatures and
summarized them in Supplementary Fig. 6b46. It shows
a nonlinear response with temperature. Thus, spin scattering at
magnetic impurities can be ruled out (Supplementary Note 4)46.
Moreover, since the spin dephasing time due to impurities is
on the order of 10 ps and if we consider a moderate
diffusion constant DB100 cm2 s 1 (ref. 47), the mean free path
is in the range of about a few tens of nm to hundreds of nm
(consistent with those estimated in Supplementary Fig. 6b), which
is larger than the average distance between NBs in our sample
(B30 nm). Therefore, even if magnetic impurities were to
contribute to the resistance change (if they exist at all), we
expect the NBs will still have a much larger inﬂuence. We would
like also to stress that our atomic-resolution STM studies show
that the graphene nanodomain structure is uniform throughout
millimetre-sized graphene/SiC/Si(001) samples. Almost no
single-atomic impurities were observed on the surface. In
addition to this, using our non-equilibrium Green’s function
(NEGF) calculations that consider the NB arrangement, we
will show that in-plane and out-of-plane ﬁelds produce positive
MR and negative MRs, respectively, and this is consistent with
the experimental data. Thus, a reasonable explanation for the
positive in-plane MR comes from the intrinsic properties of
the NBs themselves.
To investigate the effect of the NBs on the magneto-transport
properties, Fig. 2f,g plots the resistance as a function of
temperature. The resistance of our sample increases monotoni-
cally with decreasing temperature, from 300 to 10K, and shows
non-metallic behaviour. At To150K, the conductive mechanism
can be described well using a 1D variable-range hopping
(VRH) model48 RðTÞ  R0exp½ð CkBTÞ
1=2, where R0 and C are
the ﬁtting constants, indicating that the transport below 150K is
restricted to the NBs. In contrast to the low-temperature data,
the R–T curve above 150K has a different slope and is ﬁtted
better by the cube root expression RðTÞ  R0exp½ð CkBTÞ
1=3,
suggesting 2D transport. This means that carriers can cross the
NBs in the high-temperature regime. The deviation of the ﬁtting
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Figure 2 | MR and I-V characterization of graphene on SiC. (a) Typical optical image of the graphene Hall bar device. Scale bar, 40mm. (b) MR curve
measured at 10K with an in-plane magnetic ﬁeld. (c) MR for an in-plane magnetic ﬁeld as a function of B2. (d) Temperature dependence of MR curves
measured with an in-plane magnetic ﬁeld along the current direction. (e) MR ratio for an in-plane magnetic ﬁeld as a function of temperature.
(f) Resistance R as a function of temperature T in the low temperature range 10–150K. The low-temperature behaviour of ln(R) can be ﬁtted as a straight
line with respect to the variable 1/T1/2, indicating a 1D channel behaviour in the VRH model. (g) At high temperatures, ln(R) shows a clearly different
behaviour and can be ﬁtted better with the function 1/T1/3 up to 300K, suggesting 2D VRH transport. I–V curves (h) and the corresponding dV/dI curves
(i,j) measured at a variety of temperatures.
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from the 2D transport model at 300K is due to thermally assisted
hopping, which is allowed along the ripples in the z direction
at high enough temperatures. To verify the nature of the
transport mechanisms below and above 150K, Fig. 2h–j shows
the I–V curves and the corresponding dV/dI measured at
different temperatures. Above 150K, the current increases
linearly with applied voltage, clearly highlighting the
2D transport mechanism in this temperature range. The linear
I–V curves also indicate good Ohmic contact between the
electrodes and graphene. Interestingly, below 100K, nonlinear
I–V curves were observed and the dV/dI shows a maximum
at I¼ 0mA, indicating the presence of a charge transport gap
below 100K. At low temperatures, the NBs have 1D localized
edge states49 because they form a ﬂat band, which can effectively
conﬁne the states50. The 1D localized edge states provide
a platform for the thermally activated transport, and thus
the carriers are transported along the NBs36, hence the ﬁt
with the 1D VRH model. As the temperature increases, the
thermal energy allows hopping between the pristine graphene
and NBs, which causes the dimension of VRH transport to spread
to essentially 2D.
Theory of MR of graphene with a single NB. In general,
according to the Kubo–Greenwood formula51, the conductivity
s under an in-plane ﬁeld for massless Dirac fermions in pristine
graphene should give a positive Ds(B) and thus a negative MR52.
Contrary to this, the positive MR of graphene with NBs under an
in-plane magnetic ﬁeld shown here implies a negative Ds(B),
which requires a sublinear behaviour s(m)pma with 0oao1,
where m is the chemical potential. Details of the calculation can be
found in the Supplementary Note 5. However, the MR of
graphene with NBs is not only positive but also shows a linear
dependence on B at low ﬁelds and a quadratic B dependence at
high ﬁeld. Moreover, a rather strong temperature dependence is
also observed. The most reasonable explanation for the positive
MR comes from the intrinsic properties of the NBs themselves
and that the carriers have different transport mechanisms below
and above 150K due to the presence of the NBs. Here we explain
how the NBs can modify the Ds(m) and the MR of graphene
by calculating the transport properties of graphene containing
a single NB based on a NEGF calculation and the Landauer–
Keldysh formalism53. Details of the simulation can be found
in the Methods section and a schematic of the simulated system
is provided in Fig. 3a. Figure 3b shows the calculated MR of
graphene containing a single NB with an in-plane magnetic
ﬁeld. A positive MR with B dependence at low ﬁeld and
B2 dependence at high ﬁeld is predicted by the calculation in
agreement with what was experimentally observed. We simulated
different lengths of the pristine graphene while maintaining the
dimensions of the NB and found that the MR dependence
remains exactly the same (Supplementary Figs 7 and 8). Figure 3c
plots the calculated s(m) as a function of m for B¼ 4T,
conﬁrming that for graphene with NBs, s(m) has a sublinear
behaviour s(m)pma with aE0.839. Thus, we can conclude
that the positive MR under an in-plane magnetic ﬁeld at
low temperatures arises predominately from the NB itself.
Figure 3d shows the calculated charge density distribution of
the device under various bias voltages. There is an obvious charge
density accumulation at the NB, and when the bias is increased to
a value of 0.5 V the charge density begins to spread across to the
NB. The phenomenon is consistent with our experimental
observations36. Moreover, the charge density along the NB is
greater than that in the pristine graphene, which clearly
demonstrates the 1D transport properties of the NBs at
low bias voltages. This is also in agreement with STM studies
of a NB in graphene on Ni, where the defect was observed to act
as a quasi-1D metallic wire54. Furthermore, our graphene
additionally has large curvature at the ripples (Supplementary
Fig. 9 and Supplementary Note 6), which is quite similar to
a carbon nanotube with small radius. It is reported that the
SOC of a carbon nanotube critically depends on its radius,
and can be as high as 3.5meV (refs 55,56). However, there are
some boundary regions where the radius of curvature is greater
than B2.5 nm, which would mean that the SOC could be an
order of magnitude weaker. To investigate the spin-dependent
transport across the NBs and in particular considering the case
with a weaker SOC associated with a larger radius of curvature,
Fig. 3e shows the calculated spin density distribution of the device
under a bias voltage of 0.4 V. The SOC is set to be 0.1meV to
reﬂect the regions that have larger radii of curvature. One can
see that under a bias voltage of 0.4 V, only electrons with
a particular spin can across the NBs, indicating that NBs with
ripples can work as spin ﬁlters and SOC at ripples gives rise to
spin-dependent energy splitting. Moreover, when an in-plane
magnetic ﬁeld is applied perpendicular to the NBs, fewer
electrons can cross the NBs, implying a positive MR, which
is consistent with the MR calculation. It is known that disordering
effects may exist within a regular sample and several possible
effects can be involved. We investigated, for the same
SOC strength, the following disordering effects: variation of
length; disorder within a single NB; and the orientation of the
magnetic ﬁeld (Supplementary Figs 10–13 and Supplementary
Note 7). It is shown that the relative strengths of the spin ﬁlter
and conﬁnement effects are only marginally inﬂuenced and that
the fundamental phenomenon is still observed. Note that a recent
theoretical study suggested that a graphene boundary itself with a
speciﬁc conﬁguration may induce a spin-ﬁltering effect due to the
asymmetry between up and down spins57. However, we would
like stress that the grain boundaries in our study are quite
different from those in ref. 57. The grain boundaries in our study
consist of distorted heptagons and pentagons, and the ripples are
formed to relieve in-plane compressive strain. Moreover, more
recent theoretical studies investigated the inﬂuence of localized
magnetic moments at the edge on the transport properties and
suggested that localized magnetic moments could be screened
by the polarized current under bias58,59. Therefore, the
spin-ﬁltering effect in our study is expected to be mainly due
to SOC as reported for other curved graphene systems.
To estimate the transition of the energy scaling from 1D to 2D,
once the temperature is sufﬁcient, we can treat the graphene
with a NB system as a quantum well that can be overcome by
either a bias voltage or thermal excitation. The NB quantum well
has a depth of 0.4–1V, as suggested by I–V characterization36 and
a width of B6 nm (Fig. 1e). In our sample, there are several
aligned NBs separated by an average distance of 12–15 nm. The
energy difference between the ground state (E0) and the ﬁrst
excited state (E1) for each quantum well will thus be on the order
of 0.1 eV as estimated from the ﬁnite-depth quantum well
conﬁnement. Once energized by an applied bias or thermal
agitation, electrons can jump to the ﬁrst excited state, and the
wave functions of the localized edge states associated with
the NBs begin to smear out more readily (Fig. 3f). When the
overlap between the wave functions of neighbouring quantum
wells is large enough, the electrons can overcome their
NB conﬁnement, and can thus traverse the entire 2D graphene
plane. Moreover, different spins trapped at NBs will have
different potential depths due to the SOC at the ripples.
Therefore, the energy differences between the ground state
and the ﬁrst excited state are also spin-dependent. Once
the temperature is raised to 100K, electrons regardless of
their spin state can jump to the excited states as the difference
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in energy between the spin states is small compared with kBT.
The conﬁnement at the NB is weak at 100K and thus the
positive MR from the conﬁnement to the NB itself goes to zero.
At higher temperatures, most electrons jump to the excited
states and the overlap between the wave functions of the
NBs creates paths for 2D transport. However, once an in-plane
magnetic ﬁeld is applied, Zeeman splitting raises the energy
levels for one of the spins, making it more difﬁcult for electrons
with this particular spin to reach the excited state. Therefore,
electrons with one spin direction become more localized in the
1D NB under an in-plane magnetic ﬁeld. This separation of
the spins by the Zeeman effect reduces transport and hence
produces a positive MR at temperatures higher than 100K. We
therefore conclude that below 100K the MR results from the
NBs alone, while above 100K the MR comes from spin
conﬁnement, that is, the reduction of the 2D transport for
electrons with a particular spin direction that are conﬁned to 1D.
Transport properties of graphene with nano-gap contacts.
To further investigate the effect of NBs on the transport
properties and conﬁrm the theoretical explanation, we fabricated
several devices with nano-gap contacts. Figure 4a shows a
schematic drawing of a typical nano-gap device. The gap
between the electrodes was B28 nm, thus one to two NBs were
measured within the gap and the voltage was applied perpendi-
cular to the NBs. Figure 4b shows MR curves measured at 10 and
300K with an in-plane magnetic ﬁeld. A positive MR was
observed at both temperatures, which is a conﬁrmation that
the positive MR is due to the NBs. Figure 4c,d plots the resistance
as a function of temperature under zero magnetic ﬁeld and non-
metallic behaviour was observed. The plots were also ﬁtted with
a d-dimensional VRH model, RðTÞ  R0exp½ð CkBTÞ
1=ðdþ 1Þ.
Similar to cases for the micrometre-scale devices shown in
Fig. 2, the R–T curves can be ﬁtted well using the 1D VRH model
at low temperature (Fig. 4c) and using the 2D VRH model at
higher temperatures (Fig. 4d). The two mechanisms at high and
low temperatures are similar to those discussed above, but
the transition temperature is B80K. Compared with Fig. 2,
the resistance for the nano-gap device at high temperature
displays more 2D-like behaviour because carriers can pass
through the whole small nanometre-scale area between the
electrodes more easily. For the micrometre-size device in Fig. 2,
more energy or a higher temperature is required to overcome
the NBs and produce efﬁcient 2D transport. The thermally
supplied energy must be sufﬁcient to allow transport through at
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Figure 3 | MR and spin-ﬁltering effect of graphene containing a single NB. (a) Schematic drawing of the model used. (b) MR of graphene containing
a single NB calculated with an in-plane magnetic ﬁeld from using the NEGF method. (c) Calculated conductance GG0 / s mð Þas a function of m under
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least two NBs in order for this to occur, corresponding to
an approximate doubling of the energy, which is associated
with the increased transition temperature for the micrometre-
scale system with respect to that in the nano-gap system.
In contrast, at low temperature, the R–T curve for the nanometre-
size device can be ﬁtted reasonably well by 1/T1/2, giving evidence
of 1D transport along a NB (Fig. 4c); however, this ﬁt not as
good as for the micrometre-scale case (Fig. 2f). The reason is that
when only one or two NBs are measured, since the voltage is
applied perpendicular to the NB, the electrons must tunnel
through the NBs. If we apply voltage along NBs, a clear
1D channel behaviour is observed (Supplementary Fig. 14).
Discussion
In conclusion, we have presented a magnetic transport study of
trilayer graphene synthesized on cubic-SiC(001). Under an
in-plane ﬁeld, we observed a positive MR with a strong
temperature dependence. Using NEGF calculations combined
with experimental data, we have shown that the NBs with ripples
have the potential to work as a spin ﬁlter and can result in
a positive MR at low temperature. Moreover, our work suggests
that graphene with NBs has localized states and large spin–orbit
interaction at the ripples. The conﬁnement of electrons of
a particular spin direction from 2D to 1D NBs by the Zeeman
effect is responsible for the positive MR observed at high
temperatures.
Methods
Sample preparation and characterization. The uniform trilayer graphene was
fabricated on a cubic-SiC thin ﬁlm with a thickness of B1 mm grown on on-plane
Si(001) wafers using Si-atom sublimation followed by high-temperature surface
graphitization in the ultra-high vacuum (UHV) chamber of a room-temperature
GPI-300 scanning tunnelling microscope35,36. The base pressure in the
STM chamber was kept below 6 10 11 Torr. The pressure during the graphene
synthesis at sample temperatures of 1,300–1,350 C did not exceed 4 10 10 Torr.
STM characterization of the graphene trilayer synthesized on SiC(001) was carried
out in situ at room temperature using single crystalline W[111] and W[001]
tips prepared using chemical etching and UHV sharpening. Low energy electron
microscopy (LEEM) measurements were done using a SPELEEM microscope
(Elmitec GmbH) installed on I311 at the MAX laboratory in Sweden. Before the
LEEM characterization, the trilayer graphene/SiC(001) samples were annealed in
the microscope’s UHV chamber at temperatures ranging from 600 to 1,000 C to
remove possible contamination.
Device fabrication. The ﬁeld effect transistor Hall bar structure was fabricated
by electron beam lithography using a single-layer negative tone resist ma-N
2403 supplied by MicroChem Corp, followed by O2 plasma etching for 60 s
(8W at P¼ 20mTorr). The nanocontact fabrication was carried out by electron
beam lithography using single-layer-positive tone resist poly(methyl methacrylate)
(PMMA) supplied by MicroChem Corp. After development, thick metal
contacts consisting of Ti (5 nm)/Au (45 nm) were deposited through e-beam
evaporation.
Electron transport calculations. A tight-binding model was used to describe the
system with a nearest neighbour hopping energy t equal to 2.7 eV, and the system
Hamiltonian is60,
H ¼  t
X
oi;j4
C
y
i Cj þ
X
i
UiC
y
i Cj þHs þHsoc; ð1Þ
where Ciw (Ci) creates (annihilates) an electron at site i and Ui is the onsite energy at
site i. The onsite energy in the graphene system is the energy of the Pz orbital due to
position variance61. Since a Stone–Wales defect causes only a small deviation in the
bond length62–64, we can therefore assume that all of the hopping energies are the
same and the onsite energy can be set to zero because all the carbon atoms are
assumed to be equidistant. More accurate t and Ui values can be calculated by taking
into account the position variance caused by NBs or their substrate and so on65. The
third term in the Hamiltonian is the Zeeman term, Hs ¼  12 gmBB  s, where g is
the Lande´ g-factor, mB ¼ e‘2me , the Bohr magneton, B is the external magnetic ﬁeld
and s is the Pauli matrix. The last term in the Hamiltonian is Rashba spin–orbital
coupling, induced by the ripple near the NB, Hsoc ¼ aR‘ ðsxPy  syPxÞ, where aR is
the SOC strength. In the simulation we consider that the NB and its nearby graphene
two-layer neighbours both have Rashba SOC. Note that no phonons were involved
in our calculations. We use the NEGF formalism to calculate magnetoresistence53,66.
The transmission function between the leads is evaluated by
Tpq ¼ Tr½GpGRGqGA; ð2Þ
where GR (GA) is the retarded (advanced) Green’s function of the system53. The lead
broadening function Gp(q) is deﬁned as iðp qð Þ wp qð ÞÞ, where Sp(q) is the
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Figure 4 | MR and transport properties probing one to two NBs. (a) Schematic drawing of the graphene devices with nano-gap contacts. The spacing
of the nano-gap wasB28 nm. Scale bar, 3 nm. (b) MR curves of the nanocontact device measured at 10 and 300K, with the magnetic ﬁeld in the graphene
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self-energy of the lead. From the transmision T(E), we can get the conductance
G(E)¼G0T(E), where G0 ¼ 2e2h and also I ¼ 2eh
R
T Eð Þ fp Eð Þ fq Eð Þ
 
dE where fp(q)
is Fermi distrbution of each lead. In our MR calculations, the bias V is ﬁxed at 0.4V
and the resistance is obtained by R(B)¼V/I(B). The conductivity s(m) is
proportional to the transmission and can be calculated from s(m)BT(E¼m).
The charge density is calculated by the local occupation number at each site. The
occupation number operator at site i is oNi4 ¼oCwi Ci4 ¼ ‘i Goi;i , where Go is
the lesser Green’s function whose formula is Go(E)¼GR(E)So(E)GA(E), wherePo ¼ iPpðqÞ GpðqÞf E eVpðqÞ
 
. The local spin occupation number at
site i is ~Si
  ¼ ‘2
P
a;b¼";# sa;b C
y
i;aCi;b
D E
¼ ‘4pi
R1
1 dETrs sG
o
i;i Eð Þ
h i
, where s¼ (sx,
sy, sz) are the Pauli matrices, and Trs[y] denotes the trace in the
2 2 spin ½ space.
Data availability. The data that support the ﬁndings of this study are available
from the corresponding author upon request.
References
1. Zutic, I., Fabian, J. & Das Sarma, S. Spintronics: fundamentals and applications.
Rev. Mod. Phys. 76, 323–410 (2004).
2. Castro Neto, A. H. et al. The electronic properties of graphene. Rev. Mod. Phys.
81, 109–162 (2009).
3. Katsnelson, M. I. Graphene: carbon in two dimensions.Mater. Today 10, 20–27
(2007).
4. Han, W. et al. Graphene spintronics. Nat. Nanotechnol. 9, 794–807 (2014).
5. Tombros, N. et al. Electronic spin transport and spin precession in single
graphene layers at room temperature. Nature 448, 571–574 (2007).
6. Han, W. et al. Tunneling spin injection into single layer graphene. Phys. Rev.
Lett. 105, 167202 (2010).
7. Zomer, P. J. et al. Long distance spin transport in high-mobility graphene on
hexagonal boron nitride. Phys. Rev. B 86, 161416 (2012).
8. Yang, T.-Y. et al. Observation of long spin relaxation times in bilayer graphene
at room temperature. Phys. Rev. Lett. 107, 047206 (2011).
9. Dlubak, B. et al. Highly efﬁcient spin transport in epitaxial graphene on SiC.
Nat. Phys. 8, 557–561 (2012).
10. Kamalakar, M. V., Groenveld, C., Dankert, A. & Dash, S. P. Long distance spin
communication in chemical vapour deposited graphene. Nat. Commun. 6, 6766
(2015).
11. Dery, H. et al. Spin-based logic in semiconductors for reconﬁgurable large-scale
circuits. Nature 447, 573–576 (2007).
12. Dery, H. et al. Nanospintronics based on magnetologic gates. IEEE Trans.
Electron Dev. 59, 259–262 (2012).
13. Yazyev, O. V. & Helm, L. Defect-induced magnetism in graphene. Phys. Rev.
B 75, 125408 (2007).
14. Nair, R. R. et al. Spin-half paramagnetism in graphene induced by point defects.
Nat. Phys. 8, 199–202 (2012).
15. Cervenka, J. et al. Room-temperature ferromagnetism in graphite driven
by two-dimensional networks of point defects. Nat. Phys. 5, 840–844
ð2009Þ:
16. McCreary, K. M. et al. Magnetic moment formation in graphene detected by
scattering of pure spin currents. Phys. Rev. Lett. 109, 186604 (2012).
17. Gonza´lez-Herrero, H. et al. Atomic-scale control of graphene magnetism by
using hydrogen atoms. Science 352, 437–441 (2016).
18. Boukhvalov, D. W., Katsnelson, M. I. & Lichtenstein, A. I. Hydrogen on
graphene: electronic structure, total energy, structural distortions and
magnetism from ﬁrst-principles calculations. Phys. Rev. B 77, 035427
ð2008Þ:
19. Hong, X. et al. Evidence for spin-ﬂip scattering and local moments in dilute
ﬂuorinated graphene. Phys. Rev. Lett. 108, 226602 (2012).
20. Santos, E. J. G., Sa´nchez-Portal, D. & Ayuela, A. Magnetism of substitutional
Co impurities in graphene: realization of single p vacancies. Phys. Rev. B 81,
125433 (2010).
21. Zhang, H. et al. Electrically tunable quantum anomalous Hall effect in
graphene decorated by 5d transition-metal adatoms. Phys. Rev. Lett. 108,
056802 (2012).
22. Wang, Z., Tang, C., Sachs, R., Barlas, Y. & Shi, J. Proximity-induced
ferromagnetism in graphene revealed by the anomalous hall effect. Phys. Rev.
Lett. 114, 016603 (2015).
23. Rufﬁeux, P. et al. On-surface synthesis of graphene nanoribbons with zigzag
edge topology. Nature 531, 489–492 (2016).
24. Nakada, K. et al. Edge state in graphene ribbons: nanometer size effect and edge
shape dependence. Phys. Rev. B 54, 17954–17961 (1996).
25. Akhmerov, A. R. & Beenakker, C. W. J. Boundary conditions for Dirac
fermions on a terminated honeycomb lattice. Phys. Rev. B 77, 085423
ð2008Þ:
26. Wimmer, M., Akhmerov, A. R. & Guinea, F. Robustness of edge states in
graphene quantum dots. Phys. Rev. B 82, 045409 (2010).
27. Fujita, M. et al. Peculiar localized state at zigzag graphite edge. J. Phys. Soc. Jpn.
65, 1920–1923 (1996).
28. Son, Y.-W., Cohen, M. L. & Louie, S. G. Half-metallic graphene nanoribbons.
Nature 444, 347–349 (2006).
29. Huertas-Hernando, D., Guinea, F. & Brataas, A. Spin-orbit coupling in curved
graphene, fullerenes, nanotubes, and nanotube caps. Phys. Rev. B 74, 155426
(2006).
30. Li, X. et al. Large-area synthesis of high-quality and uniform graphene ﬁlms on
copper foils. Science 324, 1312–1314 (2009).
31. Bae, S. et al. Roll-to-roll production of 30-inch graphene ﬁlms for transparent
electrodes. Nat. Nanotechnol. 5, 574–578 (2010).
32. Aristov, V. Yu. et al. Graphene synthesis on cubic SiC/Si wafers. Perspectives
for mass production of graphene-based electronic devices. Nano Lett. 10,
992–995 (2010).
33. Berger, C. et al. Ultrathin epitaxial graphite: 2D electron gas properties
and a route toward graphene-based nanoelectronics. J. Phys. Chem. B 108,
19912–19916 (2004).
34. Huang, P. Y. et al. Grains and grain boundaries in single-layer graphene atomic
patchwork quilts. Nature 469, 389–392 (2011).
35. Kim, K. et al. Grain boundary mapping in polycrystalline graphene. ACS Nano
5, 2142 (2011).
36. Wu, H. C. et al. Transport gap opening and high on-off current ratio in trilayer
graphene with self-aligned nanodomain boundaries. ACS Nano 9, 8967–8975
(2015).
37. Tsen, A. W. et al. Tailoring electrical transport across grain boundaries in
polycrystalline graphene. Science 336, 1143–1146 (2012).
38. Yazyev, O. V. & Louie, S. G. Electronic transport in polycrystalline graphene.
Nat. Mater. 9, 806–809 (2010).
39. Son, Y. W., Cohen, M. L. & Louie, S. G. Half-metallic graphene nanoribbons.
Nature 444, 347–349 (2006).
40. Fasolino, A., Los, J. H. & Katsnelson, M. I. Intrinsic ripples in graphene. Nat.
Mater. 6, 858–861 (2007).
41. Craciun, M. F. et al. Trilayer graphene is a semimetal with a gate-tunable band
overlap. Nat. Nanotechnol. 4, 383–388 (2009).
42. Abrikosov, A. A. Quantum linear magnetoresistance. Europhys. Lett. 49,
789–793 (2000).
43. Parish, M. M. & Littlewood, P. B. Non-saturating magnetoresistance in heavily
disordered semiconductors. Nature 426, 162–165 (2003).
44. Chaika, A. N. et al. Continuous wafer-scale graphene on cubic-SiC(001). Nano
Res. 6, 562–570 (2013).
45. Chaika, A. N. et al. Rotated domain network in graphene on cubic-SiC(001).
Nanotechnology 25, 135605 (2014).
46. Lara-Avila, S. et al. Inﬂuence of impurity spin dynamics on quantum transport
in epitaxial graphene. Phys. Rev. Lett. 115, 106602 (2015).
47. Jeong, J. S., Shin, J. & Lee, H. W. Curvature-induced spin-orbit coupling and
spin relaxation in a chemically clean single-layer graphene. Phys. Rev. Lett. 84,
195457 (2011).
48. Mott, N. F. Conduction in non-crystalline materials. Phil. Mag. 19, 835–852
(1969).
49. Song, J. et al. One-dimensional quantum channel in a graphene line defect.
Phys. Rev. B 86, 085437 (2012).
50. Feng, L. et al. Flat bands near Fermi level of topological line defects on graphite.
Appl. Phys. Lett. 101, 113113 (2012).
51. Lorenzen, W., Holst, B. & Redmer, R. Demixing of hydrogen and helium at
megabar pressures. Phys. Rev. Lett. 102, 115701 (2009).
52. Katsnelson, M. I. Graphene: carbon in Two Dimensions (Cambridge University
Press, 2012).
53. Datta, S. Electronic Transport in Mesoscopic Systems (Cambridge University
Press, 1995).
54. Lahiri, J. et al. An extended defect in graphene as a metallic wire. Nat.
Nanotechnol. 5, 326–329 (2010).
55. Steele, G. A. et al. Large spin-orbit coupling in carbon nanotubes.
Nat. Commun. 4, 1573 (2013).
56. Marchenko, D. et al. Spin-resolved photoemission and ab initio theory of
graphene/SiC. Phys. Rev. B 88, 075422 (2013).
57. Dutta, S. & Wakabayashi, K. Magnetization due to localized states on graphene
grain boundary. Sci. Rep. 5, 11744 (2015).
58. Su, Y., Chen, S. H., Hu, C. D. & Chang, C. R. Competition between spin-orbit
interaction and exchange coupling within a honeycomb lattice ribbon. J. Phys.
D Appl. Phys. 49, 015305 (2016).
59. Su, Y., Chen, C. L., Chen, K. W. & Chang, C. R. Spin stability and magnetic
screening of a magnetic impurity in four-terminal Landauer setup with Rashba
spin-orbit coupling. J. Appl. Phys. 111, 07C324 (2012).
60. Bahamon, D. A., Pereira, A. L. C. & Schulz, P. A. Third edge for a graphene
nanoribbon: a tight-binding model calculation. Phys. Rev. B 83, 155436 (2011).
61. Martinazzo, R., Casolo, C. & Tantardini, G. F. The effect of atomic-scale defects
and dopants on graphene electronic structure. Preprint at https://arxiv.org/abs/
1104.1302 (2011).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms14453
8 NATURE COMMUNICATIONS | 8:14453 |DOI: 10.1038/ncomms14453 | www.nature.com/naturecommunications
62. Yazyev, O. V. & Louie, S. G. Topological defects in graphene: dislocations and
grain boundaries. Phys. Rev. B 81, 195420 (2010).
63. Appelhans, D. J., Carr, L. D. & Lusk, M. T. Embedded ribbons of graphene
allotropes: an extended defect perspective. New J. Phys. 12, 125006 (2010).
64. Zsoldos, I. Effect of topological defects on graphene geometry and stability.
Nanotechnol. Sci. Appl. 3, 101–106 (2010).
65. Slotman, G. J. et al. Effect of structural relaxation on the electronic structure
of graphene on hexagonal boron nitride. Phys. Rev. Lett. 115, 186801 (2015).
66. Economou, E. N. Green’s Functions in Quantum Physics (Springer, 2006).
Acknowledgements
This work was supported by the Beijing Institute of Technology Research Fund Program
for Young Scholars, Science Foundation Ireland (SFI; No. 12/IA/1264), the National Plan
for Science and Technology of KSU (Nos NPST 1598-02, NPST 1466-02 and NPST
2529-02), the Russian Academy of Sciences, the Russian Foundation for Basic Research
(projects 14-02-00949, 14-02-01234 and 17-02-01139), the Working Group ‘Physics on
Accelerators and Reactors of Western Europe (except for CERN)’ of the Ministry of
Education and Science of the Russian Federation, a Marie Curie IIF grant within the
7th European Community Framework Programme, the BMBF-Project No. 05K12GU2,
PSP-Element No. U4606BMB1211 and under Grant No. MOST 104-2112-M002-007-
MY3, Taiwan. We thank T. Chassagne, M. Zielinski and M. Portail (CRHEA-CNRS,
Sophia Antipolis, France) for providing high-quality SiC samples, H. Xu for help with
electrical characterization, C. O´ Coilea´in for help with the manuscript and A. Zakharov
for help with LEEM/micro-LEED characterization and fruitful discussions.
Author contributions
H.-C.W. designed the experiment. A.N.C., V.Y.A. and O.V.M. synthesized graphene on
SiC(001). A.N.C., B.E.M., S.A.K. and O.L. performed STM characterization of the
samples. Y.N., V.Y.A. and O.V.M. conducted LEEM/micro-LEED characterization.
Moh. A fabricated the devices. H.-C.W. carried out the transport measurements.
M.-C.H., T.-W.H. and C.-R.C. performed the theoretical modelling. M.I.K. explained the
data based on the Kubo–Greenwood formula. Mou. A., H.L., S.N.M. and I.V.S. provided
the scientiﬁc advice. H.-C.W., A.N.C., A.I.L., M.I.K. and C.-R.C. wrote the article. All
authors discussed the results and commented on the manuscript.
Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Wu, H.-C. et al. Large positive in-plane magnetoresistance
induced by localized states at nanodomain boundaries in graphene. Nat. Commun. 8,
14453 doi: 10.1038/ncomms14453 (2017).
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
r The Author(s) 2017
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms14453 ARTICLE
NATURE COMMUNICATIONS | 8:14453 |DOI: 10.1038/ncomms14453 | www.nature.com/naturecommunications 9
